Enzymes of glycolysis, pentose phosphate pathway, gluconeogenesis, tricarboxylate acid cycle, glyoxylate by-pass and fatty-acid biosynthesis were assayed in extracts from Candida 107 grown continuously on glucose under carbon limitation, nitrogen limitation and on n-alkanes. The yeast was therefore either in a lipogenic or lipolytic state. Phosphofructokinase was absent under all conditions whereas enzymes of gluconeogenesis, including fructose I ,6-bisphosphatase and the pentose phosphate cycle, were all present. Glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase were specific for NADP+ and were inhibited in a non-competitive manner by NADPH and NADH. Phosphoenolpyruvate, citrate, ATP and acetyl CoA had no inhibitory effects. Thus glucose metabolism appears to be by the pentose phosphate pathway which will rapidly produce NADPH. This can readily be consumed during fatty-acid biosynthesis and, as there appears to be no inhibition of the flow of carbon from glucose to acetyl CoA, fatty-acid synthesis can continue for as long as there is a supply of glucose. These results help to explain the probable causes of fat build-up to high concentrations (about 40 7; of the cell dry weight) in this and other organisms. In alkane-grown cells, lipogenesis is repressed and carbon is able to flow from the alkanes via acetyl CoA, oxaloacetate and pyruvate into pentoses and hexoses in a unidirectional manner, because of the strong repression of pyruvate kinase and the increased activities of phosphoenolpyruvate kinase and fructose I ,6-bisphosphatase under these conditions. Although there was little change in the total activity of the TCA cycle enzymes under the various growth conditions, isocitrate lyase was induced under lipolytic conditions.
sion of acetyl CoA carboxylase in Saccharoinyces cerevisiae after exposure to exogenous fatty acids; however, since this yeast is unable to utilize n-alkanes or fatty acids as sole sources of carbon, fatty acids had to be added to conventional growth medium a t about I g/l.
In mammalian systems, procedures for inducing lipolysis or lipogenesis usually involve examining specific tissues under different nutritional states, e.g. starvation or feeding high fat or high carbohydrate diets. Thus effects are not specific and it is often difficult to establish which are the control enzymes. With a micro-organism, changes in the environment are not so limited. With Candida 107, for example, lipolysis or lipogenesis can be greatly stimulated by using either alkanes or carbohydrates as carbon source. Furthermore, high and low levels of lipogenic activity can be generated by growing cells at a steady state (i.e. in a chemostat) with either excess or limiting levels of carbohydrate in the medium. The lipid concentration within the cell can then be varied from about 40 "/o (w/w) to under 10 % (Gill, 1973) . The yeast serves as an adequate model for a mammalian system in that it possesses mitochondria. Problems of transport across the mitochondria1 membrane are therefore similar to those encountered in mammalian cells. We investigated whether growth of the yeast under different conditions and with different substrates results in significant changes in the activity of the enzymes associated with glycolysis, gluconeogenesis, fatty-acid biosynthesis, and the tricarboxylic acid, glyoxylate and pentose phosphate cycles ; we also compared enzyme levels with those found in Saccharomyces cerevisiae, a yeast which has been more extensively studied than Candida 107 but which does not have as great a range of metabolic activities.
M E T H O D S
Growth of the organisms. Caridida 107 was grown on glucose or n-alkanes (C13 to C1, fraction) in continuous culture with working volumes of 1.6 to 5 1. The temperature was maintained at 30 "C and the pH maintained at 5-5 by adding NaOH. Glucose medium contained (g/l) : KH2P04, 7 ; Na,HPO,, 2 ; NH,Cl, I -7 ; MgSO, . 7H20, 1.5 ; yeast extract, 0.05 ; CaCl, . 6H20, 0.1 ; FeCl,, 0.05; biotin, 0.005; ZnSO,. 7H,O, 0-0001. Glucose was added at either 12 g/1 (carbon-limited medium) or 45 g/1 (nitrogen-limited medium). Growth on alkanes was on the medium of Ratledge (1968) ; n-alkanes containing 0.5 % Span 85 were pumped separately into the fermenter to give 40 g/l.
Residual nitrogen was determined by the method of Chaney & Marbach (1962) and glucose was measured using glucose oxidase (Boehringer Corporation Ltd, London). The total lipid content was determined by the method of Folch, Lees & Sloane-Stanley (1957) using packed wet cells disrupted through a French press. Candida 107 growing in continuous culture, with glucose as the limiting nutrient, contained 9.3 % (w/w) lipid at a dilution rate of 0.15 h-l. When nitrogen was the limiting nutrient and with glucose as carbon source, the lipid content was 32 (w/w) at a dilution rate of 0.08 h-l. With n-alkanes as carbon source, the lipid content of Candida 107 was 20% (w/w) at a dilution rate of 0.10 h-l. These were the steady-state conditions, i.e. weakly lipogenic, strongly lipogenic and lipolytic coupled with gluconeogenesis, which pertained at the times of taking samples for the determination of the various enzyme activities.
Saccharornyces cerevisiae (baker's yeast from Distillers Co. Ltd, Dovercourt, Essex) was grown in shake-culture on medium containing yeast extract (0.3 %), malt extract (0.3 x), peptone (0.5 %) and glucose (I %), and harvested after 20 h growth at 30 "C.
Preparation of extracts. Yeasts were harvested by centrifuging at 3000 g for 5 min (IOOOO g for 10 min for alkane-grown yeast) and washed twice with 50 mwphosphate Metabolic con frols in Candida I 07 277 buffer pH 7-5, containing I m~-MgCl, and 0.5 m~-dithiothreitol. The cells were then resuspended in the same buffer at a concentration of 0.3 g/ml and disrupted within I h of harvesting by a single passage through a French press at 35 mPa. The material was centrifuged at 5000 g for 10 min to remove unbroken cells and debris, which were discarded; then the supernatant was centrifuged at 14000 g for 20 min to sediment any unbroken mitochondria, and at 45000 g for 30 min to sediment other particulate matter. The final supernatant, stored in an ice bath, was filtered by suction through a Whatman fibre-glass paper (grade A) to remove any solidified fat. The two precipitates were resuspended in a minimal volume of buffer and recombined. The protein concentration, established by the biuret method of Gornall, Bardawill & David (1949) , was adjusted to 10 mg/ml with the buffer. Enzyme assays of the pentose phosphate cycle enzymes and inhibition studies with glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase were completed with carbon-limited cells with a recoverable protein content of 40 to 50 mg/g packed yeast.
The various enzyme activities were assayed by using the 45 ooo g supernatant fractions from Candida 107 and S. cerevisiae. Initial experiments used the supernatant fractions dialysed for 3 h against a loo-fold excess of 50 mM-phosphate buffer pH 7-5 containing I mM-Mg2+ and I mM-dithiothreitol, with a change of solution after 1-5 h. There were, however, no marked differences in any enzyme activity after dialysis and all subsequent work was carried out with undialysed material.
Chemicals. Coenzyme A was supplied by P. L. Biochemicals, Inc., Milwaukee, Wisconsin, U.S.A. Acetyl-CoA was prepared from acetic anhydride according to Simon & Shemin ( I 953). Enzymes, coenzymes and enzyme substrates were from Sigma and Boehringer. The n-alkanes fraction used for the cultivation of the yeast contained: 2.3 '~( w / w ) Cr3, 55-7 % C14, 35-3 :;{ C15 and 6.6 yi C,, and was a gift from Texaco Ltd, London. The glucose was technical grade from Fisons, Loughborough, Leicestershire. All other reagents were analytical grade. Span 85 (sorbitan-trioleate) was from Atlas Chemical Industries, Wilmington, Delaware, U.S.A.
Enzyme assays
Each enzyme activity was determined, in duplicate, upon samples prepared under identical conditions and withdrawn from the chemostats running under steady state conditions within 2 to 5 days of each other.
All continuous assays using a spectrophotometer (Unicam SP I 800) were performed with I ml cuvettes at 30 "C, normally using an air reference. Reactions were initiated by the addition of substrates. The activity of each enzyme was measured over a range of protein concentrations. Endogenous activity was always subtracted from the observed rates. The maximum amount of protein used in any assay did not exceed 3 mg and in the case of malate dehydrogenase was as low as 2 /4g.
Assays for the following enzymes were completed within 4 to 8 h of harvesting: pyruvate carboxylase, phosphoenolpyruvate kinase, pyruvate and a-oxoglutarate dehydrogenase complexes, pyruvate and 2-oxoglutarate decarboxylases, succinate thiokinase, succinate dehydrogenase, isocitrate lyase and ATP : citrate lyase, transketolase, ribulose phosphate 3-epimerase7 ribose phosphate isomerase, transaldolase, and glucose phosphate isomerase. Other assays were completed within 24 to 28 h. Inhibition studies with glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase were completed in 4 to 8 h and 24 to 28 h, respectively.
Enzymes of glycolysis. Hexokinase (EC. 2.7. I . I ; ATP : D-hexose 6-phosphotransferase) was assayed by the method of Slein, Cori & Cori (ryjo), by coupling with glucose 6-phosphate dehydrogenase and following the reduction of NADPf at 340 nm.
Glucosephosphate isomerase (EC. 5.3. I .9; D-glucose 6-phosphate ketol isomerase) was assayed by the method of Noltmann (1966) , by coupling with glucose 6-phosphate dehydrogenase and following the reduction of NADPf at 340 nm.
Phosphofructokinase (EC. 2 . 7 . I . I I ; ATP : D-fructose 6-phosphate I -phosphotransferase) was assayed by the method of Sols & Salas (1966) , by coupling with aldolase, triose phosphate isomerase and glycerophosphate dehydrogenase and measuring the oxidation of NADH at 340 nm.
Fructose bisphosphate aldolase (EC. 4 , I . 2 . I 3 ; fructose I ,6-bisphosphate D-glyceraldehyde 3-phosphate lyase) was assayed by the procedure of Rutter & Hunsley (1966) , by coupling with a-glycerophosphate dehydrogenase-triose phosphate isomerase mixture and following the oxidation of NADH at 340 nm. was assayed by following the reduction of NADPf at 340 nm according to the method of Hsu & Lardy (1969) , except that I mM-MnC1, was used.
RESULTS
Activities of most enzymes in Candida 107 grown under different conditions (Table 1) were located predominantly in the soluble fraction after disruption of the yeast, the exceptions being succinate thiokinase and succinate dehydrogenase. The two citric acid cycle enzymes, a-oxyglutarate dehydrogenase complex and NAD+-linked isocitrate dehydrogenase, were barely detectable in either the soluble or precipitate fractions, suggesting the Fig. I . Double reciprocal plot of the effect of NADPf concentration on glucose 6-phosphate dehydrogenase activity and inhibitory effect of different levels of NADH and NADPH. The cuvettes at 30 "C contained 50 ,ug enzyme protein and I pmol glucose 6-phosphate in a total volume of I ml. G, NADPr alone; 17, +o.r mM-NADPH; a, +0.3 mM-NADPH; H, +0.5 mM-
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disruption of the complex in the former case since the decarboxylase activity of this enzyme could be measured.
Malate synthase was not measurable by the two assay procedures employed, presumably because of either a low activity or, more likely, competing levels of acetyl CoA deacylase present in the crude extract.
When malate enzyme was assayed while using the recommended concentration of MnCI,, i.e. 5 mM, turbidity resulted. However, with I m~-M n c I , , optimum activity was present without the occurrence of turbidity. The enzyme showed a specific requirement for Mn2+; Mg2+ would not substitute.
Phosphofructokinase activity was assayed using I mM-GTP as the phosphorylating nucleotide, since ATP specifically inhibits at higher concentrations (Ki = 0.1 mM) (Sols, 1967; Mansour, 1972) . As no activity was shown with extracts from Cundida 107, other nucleotides were substituted: ITP, UTP and CTP at I mM, and ATP at I , 0.1, 0.5 and 0-01 mM; there was still no significant activity, however. Since the assay system successfully and repeatedly found this enzyme in high activity in extracts of S. cerevisiae, phosphofructokinase appears to be almost completely absent in Cundida 107 regardless of growth conditions. Pyruvate kinase displayed a marked difference in activity according to the growth conditions (Table I) . With alkane-grown yeast, the activity, particularly in Expt 2, was strongly repressed. This result was confirmed when a sample taken from the fermenter, after 7 days cultivation on n-alkanes following inoculation from a glucose-grown culture, gave an activity of 4-5 nmol substrate converted/min/mg protein.
The results from the initial series of experiments (Table I) suggested that since phosphofructokinase was absent in Candida I 07, glucose catabolism would probably proceed via the pentose phosphate cycle. A further series of experiments using only extracts from glucose-grown (carbon-limited) Cundida I 07 was undertaken to establish the presence of the pentose phosphate cycle. The results (Table 2) showed that all the enzymes of the pentose phosphate cycle were present and that this pathway was most likely the principal pathway for glucose metabolism. In this work, activities of some enzymes varied between the two preparations, probably because of their lability or slight changes in the method of disrupting the yeast. N o significance is attached to these changes.
In organisms having a functional glycolytic pathway, control is maintained by inhibition of phosphofructokinase by ATP and citrate. Since phosphofructokinase is absent in Candida 107, experiments were undertaken to establish whether the enzymes for the first steps of glucose oxidation, namely glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, were subject to similar control mechanisms by products of metabolism. Neither citrate, phosphoenolpyruvate or ATP at 25 mM, nor acetyl-CoA at I mM inhibited glucose 6-phosphate or 6-phosphogluconate dehydrogenase. However, NADPH and NADH at over 0.1 mM were inhibitory to both enzymes, which were found to have a specific requirement for NADP+. Although only crude extracts were used in an examination of this inhibition, results showed that for both enzymes the inhibition was non-competitive in nature and a reduction in K,, occurred only at higher concentrations (> 0.3 mM) of the inhibitor (Figs. I, 2 ). NADPH was a more effective inhibitor than NADH. At low concentrations of NAD(P)H (about 0.1 mM), inhibition was very slight and each reaction could proceed at a near optimal rate.
D I S C U S S I O N
Although we have measured the activities of many of the enzymes involved in the central pathways of metabolism, we cannot yet judge whether these enzymes are operating at or near to their maximum activities. However, highly active enzymes would indicate an enhanced potential for activity, whilst a completely, or partially, repressed activity would imply a total inability or restricted ability for metabolism to proceed via a given pathway. The interrelationships of the enzymes we have examined, with the metabolic pathways considered to be present in the yeast, are shown in Fig. 3 .
An observed lack of phosphofructokinase in this yeast parallels observations by Brady & Chambliss (1967) , who reported an absence of phosphofructokinase in several species of Rhodotorula including those which are able to produce a high intracellular concentration of lipid. Hofer (1968) (see also Kleinzeller & Kotyk, 1968; Janda & Kotyk, 1972 ) also reported the same result and, in later studies (Hofer et al. 1971) provided confirmation that the pentose phosphate pathway is the predominant mechanism for carbohydrate metabolism in Rhodotorula gracilis.
Evidently in Candida 107 also, the pentose phosphate pathway is the main one for carbohydrate degradation. This leads to a rapid production of NADPH. If the concentration of this is not allowed to build up, i.e. if it is equally rapidly removed, then glucose degradation will proceed unchecked since the enzymes for hexose phosphate oxidation are not inhibited by products which in other organisms would have caused an inhibition of phosphofructokinase. The fatty-acid synthetase system, which is also located in the cytoplasm, is the probable major utilizer of NADPH (see Kather, Rivera & Brand, I972a, b) , so that in Candida 107 the rate of glucose utilization is correlated directly with lipogenesis.
Although the control experiments with glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase used only crude enzyme extracts, the patterns of inhibition were unlike the typical glucose 6-phosphate dehydrogenase from rat liver described by Eggleston & Krebs (I974), which is subject to competitive inhibition above a ratio of F a t t y a c y l CoA Fig. 3 . Metabolism of glucose and alkanes and fatty-acid biosynthesis in Candida 107. Thick lines represent enzymes shown to be present in this paper or previous publications; thin lines represent enzymes usually present in microbial material. AcCoA, acetyl CoA; DHAP, dihydroxyacetone phosphate; G 3-P, glyceraldehyde 3-phosphate; ma1 CoA, malonyl CoA.
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The enzymes of the citric acid cycle in Candida 107 did not change significantly in activity on changing from glucose to alkanes as a carbon source for growth. Citrate synthase, particularly in alkane-grown yeast, was present at levels significantly in excess of those found in baker's yeast. Malate dehydrogenase was also present at a very high activity, although no explanation for this is apparent. ATP: citrate lyase was present in both glucose-and alkane-grown yeast, and although it was detectable only at low levels it was still in excess of the levels of acetyl-CoA carboxylase and fatty-acid synthetase noted previously in Candida 107 (Gill & Ratledge, 1973b) and supports the earlier conclusion that fatty acid synthesis is controlled after ATP: citrate lyase.
Although malate synthetase activity could not be detected by the assay methods used, isocitrate lyase was induced under lipolytic conditions and the complete glyoxylate by-pass was assumed to be active (see also Trust & Millis, 1970; Hildebrandt & Weide, 1974) . D. A. W. thanks the Science Research Council for a post-doctoral fellowship under grant B / R G /~~~I .9 in support of this work. We are indebted to Mr M. J. Hall for his technical assistance with the chemostat cultivation of the yeast.
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